Mobile DNAs use many mechanisms to minimize damage to their hosts. Here we show that a subclass of group II introns avoids host damage by inserting directly after transcriptional terminator motifs in bacterial genomes (stem-loops followed by Ts). This property contrasts with the site-specific behavior of most group II introns, which insert into homing site sequences. Reconstituted ribonucleoprotein particles of the Bacillus halodurans intron B.h.I1 are shown to reverse-splice into DNA targets in vitro but require the DNA to be single-stranded and fold into a stem-loop analogous to the RNA structure that forms during transcription termination. Recognition of this DNA stem-loop motif accounts for in vivo target specificity. Insertion after terminators is a previously unrecognized strategy for a selfish DNA because it prevents interruption of coding sequences and restricts expression of the mobile DNA after integration.
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reverse transcriptase ͉ ribozyme ͉ mobile DNA ͉ bacteria R eduction of host damage is a basic principle of survival for selfish DNAs. The most common mechanisms involve suppression of transcription and translation, and integration into comparatively innocuous sites (1) (2) (3) (4) . Among retroelements, for example, R2 elements insert site-specifically into defined sequences within rDNA arrays while leaving most rDNAs intact (5) . LINE1 elements have a less stringent preference for the sequence TTTTA, which results in integrations into gene-poor regions (6) . Other retroelements target genomic loci through protein-protein interactions, to insert at pol III promoters (7), into telomeric elements (8) , or into heterochromatin regions (9) .
Group II intron retroelements avoid host damage in two ways. First, the introns splice out of interrupted sequence at the RNA level to reconstitute functional coding sequence. Second, the introns insert site-specifically into compatible targets through retrohoming, thereby limiting potential targets. The mechanism of retrohoming is well characterized and is carried out by a ribonucleoprotein (RNP) complex composed of excised intron lariat and intron-encoded protein (IEP). The process is initiated by reverse splicing of lariat RNA into the top strand of a DNA target. The bottom strand is cleaved by the endonuclease domain of the IEP, and the integrated intron is reverse transcribed by the IEP, using the cleaved DNA as a primer. Repair processes complete the insertion steps (10) (11) (12) .
Normally, retrohoming of group II introns is highly sitespecific because of an Ϸ20-to 35-bp target sequence. Thirteen positions of the DNA target are recognized by base pairings between the intron RNA and the DNA exons via the interactions IBS1-EBS1, IBS2-EBS2 (intron and exon binding sites 1 and 2; 6 bp each), and either ␦-␦Ј (IIA introns; 1 bp) or IBS3-EBS3 (IIB, IIC introns; 1 bp). Additional target-specificity comes from IEP recognition of upstream exon DNA sequences Ϫ23 to Ϫ1 and downstream exon sequences ϩ4 to ϩ9 (11, 13, 14) .
In contrast to such site-specificity, introns of the phylogenetic subclass ''bacterial class C'' instead are located after intrinsic transcriptional terminators (stem-loop followed by a run of Ts) (15) (16) (17) . In some genomes, an intron copy is found in multiple sites throughout a genome, after nonidentical terminators (15) , suggesting that a motif is targeted rather than a discrete homing site. This apparent property contrasts with the well characterized phenomenon of retrohoming and suggests that a mechanistic variation exists to account for the difference.
In addition to the unusual insertion properties, bacterial class C introns are novel structurally. Their RNAs are abbreviated in size compared with other group II introns, and they are considered IIC because they do not fit into the IIA and IIB structural classes (11) . Importantly for this study, they lack EBS2 and IBS2 motifs, which are normally involved in 5Ј exon recognition. Furthermore, their IBS1-EBS1 pairings are shortened from 6 bp to 4 bp, producing in all a total of 5 bp between intron and exons (IBS1-EBS1 and IBS3-EBS3), rather than 13 bp as for IIA and IIB introns. Bacterial class C ORFs also lack the endonuclease domain for cleavage of the bottom strand during the mobility reaction, and so they must employ an alternative priming mechanism. Other bacterial introns also lack endonuclease domains (e.g., bacterial classes A, D, and E), but introns of these classes are nevertheless mobile (18, 19) . The mechanism has been shown to involve the DNA replication fork, with the intron reverse splicing into either ssDNA or dsDNA and the primer being provided by either the leading or lagging strand (20, 21) .
To address how bacterial class C introns insert at terminator motifs, we have investigated the B.h.I1 intron of Bacillus halodurans because it initially appeared to have a degree of sitespecificity, which would facilitate characterization. There are five B.h.I1 intron copies in the B. halodurans genome (Ͼ99.8% identity), with four located at analogous sites after the terminators of ribosomal RNA (rrn) operons B, D, F, and G (Fig. 1A) . The four sites are identical upstream of the insertion but nonidentical downstream, suggesting that the introns inserted independently into the four sites rather than spreading by gene-conversion events.
Here we demonstrate the basis for insertion of bacterial class C introns at terminator motifs by reconstituting a mobility reaction in vitro for the B.h.I1 intron. Like other group II introns, the mechanism proceeds by reverse splicing into the DNA target and reverse transcription of the inserted intron. However, the target is recognized in a remarkable fashion, with the RNP recognizing a stem-loop structure in ssDNA that corresponds to the hairpin structure formed in RNA during transcription termination. This insertion-specificity represents a new strategy for selfish DNAs to avoid damage to their hosts.
Results
Defining the Target-Specificity of Bacterial Class C Introns. To define more thoroughly the targets of bacterial class C introns, we Fig. 5A ]. Fifty-five of these insertions were after putative terminators, although some sites may be weak or factor-dependent terminators because the hairpins are followed by fewer than six Ts. The remaining 13 insertions were after inverted repeats lacking the run of Ts. Interestingly, six of the 13 introns were located at the attC sites of integrons (SI Fig. 5A ). attC sites are inverted repeats recognized by integrases, but they do not operate as typical terminators (22) .
All 68 sequences are capable of forming GC-rich stems of 5-17 bp, with the introns inserted 7-12 bp downstream, precisely between IBS1 and IBS3 motifs, which are 4 bp and 1 bp, respectively (Fig. 1B) . The 50% consensus shows little sequence identity except for the IBS1 sequence, a G⅐C base pair closing the stem, the Ts of the terminator motif, and upstream As that correspond to bidirectional properties of some terminators.
To examine whether an individual intron might have greater site-specificity, we examined 21 targets of the S.th.I1 intron of the Symbiobacterium thermophilum genome ( Fig. 1C and SI Fig. 5B ). These intron copies have Ն99% identity, but their targets differ, and a 60% consensus is surprisingly similar to Fig. 1B . Notably, an 80% consensus cutoff does not show any sequence identity in the stem, revealing no absolute sequence requirement beyond IBS1. The S.th.I1 insertions clearly indicate that a terminator motif is recognized rather than a homing site sequence.
A Mobility Reaction in Vitro.
To reconstitute a mobility reaction in vitro, the IEP of B.h.I1 was expressed in Escherichia coli and affinity-purified, yielding protein active in reverse transcriptase (RT) assays with poly(A)⅐oligo(dT) 18 (SI Fig. 6 A and B) . The IEP was incubated with in vitro transcripts of unspliced B.h.I1 RNA, which resulted in rapid splicing to form lariats (SI Fig. 6C ). The product of this reaction is expected to be a mobilitycompetent RNP consisting of lariat and IEP (SI Fig. 6D ).
RNPs were then incubated with potential mobility substrates, including DNA and RNA sequences of rrnF exons (Fig. 1 A) . Incubation with an ssDNA alone produced no discernible reaction ( Fig. 2A, lane 2) ; however, addition of a primer complementary to the downstream exon produced a faint product band, which was greatly stimulated by the addition of dNTPs ( Fig. 2 A, lanes 6 and 7). Because bacterial class C introns do not possess endonuclease domains, a preformed primer may be needed to mimic the intermediate formed in other intron mobility reactions. The importance of polymerization is demonstrated by ddNTP inhibition (Fig. 2 A, lanes 6-8) .
The structure of the reaction product is expected to be an intron integrated into the DNA target between IBS1 and IBS3 motifs, with cDNA synthesis initiating at the downstream primer (Fig. 2B ). This identification was confirmed by RNase A and RNase H digestions (SI Fig. 7B ) and by excision of the radiolabeled band from a polyacrylamide gel followed by RT-PCR and sequencing of the two junctions (data not shown).
To test the specificity of the mobility reaction, different DNA and RNA substrate variants were examined (Fig. 3) . Interestingly, a dsDNA with the same sequence as the substrate in Fig.  2 did not support the reaction, indicating that the RNP cannot unwind a DNA helix, unlike the well studied Ll.LtrB intron, but like the RmInt1 intron, which similarly lacks an endonuclease domain (23) (Fig. 3, lane 1) . Furthermore, an RNA substrate failed to support a mobility reaction, either with or without a primer (Fig. 3, lanes 2 and 3) . Two ''nonspecific'' DNA sequences did not support mobility, including a DNA sequence derived from pBluescript plasmid and a DNA sequence corresponding to the antisense rrnF DNA exons (Fig. 3, lanes 4-7) . A noncomplementary primer likewise did not stimulate the reaction (Fig. 3 , lanes 8 and 9). Together, these data show that the reaction has specificity for the native insertion site and demonstrate a requirement for an ssDNA substrate and a complementary primer.
To examine the possibility of partial reverse splicing into the DNA substrate, which is a major product for some introns (24, 25) , a 3Ј-end-labeled substrate was used to simultaneously visualize partial and full integration products (SI Fig. 7C ). Partial reverse splicing indeed occurs and predominates in the absence of primer, where previously no product was detected (Fig. 2) . We conclude that, although a reverse splicing reaction occurs with an ssDNA substrate, the primer and dNTPs stimulate the mobility reaction by driving forward the reversible integration of intron RNA because of reverse transcription of the ribozyme, as has been shown for the Ll.LtrB intron in vitro (26) .
Dissection of Target Substrate Requirements. Having reconstituted a mobility reaction, the substrate was dissected to determine the basis for terminator motif recognition. Through deletions and mutations, a minimal target was determined to be a DNA oligonucleotide comprising 35 nt of 5Ј exon, 5 nt of 3Ј exon, and a 17-bp anchor sequence, annealed with a complementary primer (SI Fig. 8 ). As expected, mutations in IBS1 and IBS3 motifs inhibited the reaction, and mutations downstream of IBS3 had no effect (Fig. 4A) . Mutation of the spacer sequence upstream and downstream of the stem-loop had little consequence, revealing that Ts of the terminator are not essential to intron insertion (Fig. 4B) . Moreover, the tract of Ts could be expanded to 8 nt, indicating flexibility in length; however, shortening of the tract blocked the reaction and indicated a minimum 3-to 4-nt spacer requirement (Fig. 4B) . Similarly, lengthening the stem to 14 bp was tolerated, whereas reducing it below the wild-type length of 9 bp blocked the reaction (Fig.  4C) . Mutations in the distal loop sequence had little effect (SI Fig. 8D ).
Most importantly, the pairing and sequence requirements of the stem were examined (Fig. 4 D and E) . First, mispairing mutations in the 3Ј half of the stem were found to block the reaction, but compensating mutations in the 5Ј half restored wild-type levels, revealing a lack of absolute sequence requirement in the stem (Fig. 3D, lanes 2 and 3) . Further sequence requirements were probed by locating three adjacent G⅐C base pairs at proximal, central, and distal locations in an otherwise A⅐T stem, with mispaired versions tested for comparison (Fig.  4D, lanes 4-9) . In each case, the mispaired substrate did not support intron insertion, but paired substrate did. A second set of substrates with GC contents varying from 100% to 0% (Fig.  4E ) again revealed all paired substrates to be reactive and unpaired substrates unreactive. Together, these data indicate that pairing is the critical feature of the stem rather than sequence. Notably, stems with a high GC content or basal G⅐C pairs were superior substrates, suggesting that stem stability enhances the reaction, which is consistent with the high GC content of stems in Fig. 1 B and C (70% and 87% GC) .
We also compared the five natural targets of B.h.I1 (Fig. 1 A) . All five sequences gave insertion reactions equivalent to rrnF, except for rrnG, which has a mispaired IBS3-EBS3. The reactivity of rrnG was reduced similarly to the IBS3 mutation in Fig.  4A (data not shown) .
The biochemical experiments thus define the in vitro DNA target to be a Ն9 bp DNA stem followed by a spacer of 4-8 nt, a 4-nt IBS1 motif, a 1-nt IBS3 motif, and a bottom strand primer with its 3Ј end at ϩ5 to ϩ10 relative to the insertion site (Fig.  1D) . Interestingly, these requirements are largely consistent with the consensus structures for all class C targets (Fig. 1B) . Having failed to identify a homing site sequence requirement for B.h.I1 as we had initially expected, we next considered whether the biochemical rules might be sufficient to explain the in vivo insertions in the B. halodurans genome. The genome was Fig. 3 . Substrate specificity for in vitro mobility. Mobility reactions were performed at 30°C for 15 min with RNPs, dNTPs, and various substitutions of radiolabeled substrates, either with or without primer. Substrate variations tested are diagrammed to the right and are defined in Materials and Methods. dsDNA, dsDNA containing the same sequence as the substrate in Fig. 2 , labeled at the 5Ј ends of both strands; RNA, RNA transcript containing sequence of the standard substrate, with the same complementary primer as the standard substrate; AS, 5Ј-labeled oligonucleotide corresponding to the antisense, or bottom strand, of the standard substrate, and with an analogous complementary primer; pKS, 5Ј-end-labeled oligonucleotide corresponding to pBluescript sequence, with a complementary primer; S(T3), 5Ј-end-labeled standard substrate oligonucleotide with a noncomplementary primer corresponding to the T3 promoter sequence; S, standard substrate consisting of 5Ј-end-labeled oligonucleotide and complementary primer. Substrates are drawn to scale, and gray indicates the 3Ј exon. Sizes of the DNA substrates are to the left of the gel (kb), and no bands were excluded in cropping.
scanned by using the program RNAMotif (27) for GC-rich stems followed by IBS1 and IBS3 motifs. When a 70% GC stem was required, no additional targets were found, whereas a 50% requirement identified only four more targets (SI Fig. 9 ). Given the complexities expected to influence formation of DNA stem-loops in vivo, we conclude that no additional sequence specificity is required to explain B.h.I1 insertions in vivo. Furthermore, we propose that the B.h.I1 target requirements largely represent the specificity of other bacterial class C introns.
Discussion
We have established a previously undescribed mobility behavior for group II introns in which a structural motif is targeted rather than a defined homing site sequence. Furthermore, the specificity represents a new strategy of survival for selfish DNAs. This strategy has three obvious advantages for the retroelement. First, the specificity ensures that the element will insert outside of transcription units and avoid inactivation of vital host genes. Second, insertion after terminators provides the retroelement with low levels of transcription via terminator read-through, thus limiting further transpositions. The B.h.I1 intron, for example, is expressed by 1% read-through of the rrnB terminator (W.S. and S.Z., unpublished data), and a similar scenario is expected for other class C introns. Finally, insertion after intrinsic terminator motifs ensures the mobile DNA of finding targets in many organisms because intrinsic terminators are found across the eubacterial kingdom.
Bacterial genomes are densely packed (Ϸ90% coding), making it difficult for a mobile DNA to avoid disrupting important genes. Most bacterial mobile DNAs do not exhibit site-specificity and instead limit damage by infrequent transpositions because of low levels of transcription and translation. There are notable exceptions, however, such as Tn7, which targets the attTn7 sequence found in many bacterial genomes, and IS231, IS21, and IS911, which each insert into sequences of other transposable elements (4). Some IS elements, such as IS1397 (28) and IS621 (29) , target extragenic, palindromic repeats that are not terminators, a specificity similar to class C introns. The targeting of terminator motifs by class C introns provides an additional mechanism to avoid gene disruptions in bacteria: the element elegantly locates the end of a transcription unit and inserts after it.
A parallel strategy exists in eukaryotes, in that regions upstream of promoters are sometimes targeted by retroelements because this region is usually noncoding. For example, Ty1 and Ty3, and to a lesser extent Ty2 and Ty4, of Saccharomyces cerevisiae insert upstream of pol III promoters (30) , whereas Tf1 of Schizosaccharomyces pombe inserts upstream of pol II promoters (31) . In the case of Ty3, the basis of specificity is well defined and is due to recognition of proteins that assemble at promoters, rather than recognition of a DNA sequence (7). Targeting to terminator motifs has not been reported in eukaryotes, and this may be because of the nature of eukaryotic termination signals. Pol II lacks a discrete termination signal, and the poly(U) tract of pol III terminators can be found within protein genes.
Unwound DNA is rarely found in the cell, which raises the question as to how the RNP encounters the stem-loop in vivo. The most probable source is ssDNA at the DNA replication fork because this ssDNA is the substrate for other group II introns that lack endonuclease domains (20, 21, 32) . In this pathway, the intron reverse splices into either ssDNA or dsDNA at the replication fork and then uses nascent DNA of the leading or lagging strands to prime reverse transcription of the intron. Adapting this mechanism to explain class C intron mobility, the intron would reverse-splice into unwound ssDNA at the replication fork, in either strand, and reverse transcription would be primed by either the leading strand or the lagging strand.
A second potential source for ssDNA is the transcription bubble, which, although short, might allow a cruciform structure to form more readily during transcriptional termination. One possibility combining the two models is that the RNP may bind to the DNA stem-loop during transcription, either with or without the reverse-splicing reaction, and then remain bound to the hairpin until the arrival of the replication fork. This model is attractive because the RNP and RNA polymerase would interact with opposite strands of DNA, such that the RNP-DNA complex might persist during multiple passes of RNA polymerase. This model is also consistent with the observation that most class C introns insert downstream of the motifs, whereas the former model would predict no correspondence with the direction of transcription.
The model for an in vivo DNA hairpin target is strengthened by the six intron examples that insert at attC sites of integrons. Crystal structure data show that the integron integrase recognizes the attC site as a DNA stem-loop (33) , and it has been proposed that a hairpin within ssDNA presented during conjugation is the substrate for integration in vivo rather than dsDNA (34) . It follows that the ability of attC sites to form DNA stem-loops in vivo may be what allowed them to become targets for class C introns. Conjugation is a potential source of ssDNA targets for class C introns also, particularly introns that insert into attC sites; however, it is unlikely to be the primary source because most class C introns are located on chromosomes rather than plasmids (e.g., Sy. thermophilum; Fig. 1C) .
Finally, we consider the evolutionary implications of the target preference: did the ancestral intron mobilize by homing or by insertion at terminator motifs? It has been proposed that bacterial class C introns are the earliest branching based on IEP phylogenies (35) , which makes it possible that they represent an ancestral form. However, as discussed previously (36), it is not yet clear whether class C introns are in fact the earliest branching, and even if so the properties of the ancestor are not straightforward because all lineages have diverged since their split. Nevertheless, the mobility properties of class C introns reinforce the retroelement character of group II introns in bacteria and support the hypothesis for a retroelement ancestor of known group II introns (37) . The selfish DNA character is less pronounced for group II introns in organelles, where many introns are immobile and the mobile introns reside in housekeeping genes. For bacterial class C introns, one might question whether they should even be considered introns because they are excluded from genes and transcription units.
Materials and Methods
Plasmids. Oligonucleotides were purchased from Alpha DNA (Montreal, QC, Canada), and sequences are provided in SI Table 1 . The ORF expression construct pQE30-BhOhis was made by PCR amplification of the B.h.I1 ORF from genomic DNA prepared as previously described (36) with the primers BhHis-5Ј and BHO3Ј-AS1. The resulting 1,267-bp DNA was cloned into the SphI and SmaI sites of pQE-30 (Qiagen, Valencia, CA). The plasmid pKS-SEP3 was cloned in two steps. The 5Ј portion of the B.h.I1 ribozyme was amplified from genomic DNA with the primers B.h.Int-5Ј and BHR5Ј-AS1, which produced a 704-bp fragment (18-nt 5Ј exon and 686-nt intron) that was cloned into the SmaI site of pBluescript II KSϩ (Stratagene, La Jolla, CA). The 3Ј portion of the ribozyme was amplified with the primers BHR3Ј-S1 and BHNG3Ј-AS1 to produce a 428-bp DNA (271-bp intron, 150-nt 3Ј exon), which was cloned into the EcoRV site of the 5Ј clone intermediate. Plasmid pKS-BhD35/10 was made by blunt ligation of a 45-bp DNA into the pBluescript EcoRV site in the forward orientation. The 45-bp DNA was made by annealing and polymerizing the primers BhD35/10-S and BhD10-AS. All PCR amplifications were performed by using Pfu DNA polymerase (Stratagene) to minimize mutations, and final constructs were verified by sequencing.
Expression and Purification of Recombinant B.h.I1 IEP. pQE30-BhOhis was expressed in M15[prep4] E. coli cells (Qiagen). A single colony was inoculated into 3 ml of LB with 100 g/ml ampicillin and 30 g/ml kanamycin and grown at 37°C for 12 h. The starter culture was diluted 50-fold into 50 ml of LB with the same antibiotics and grown at 37°C to an OD 600 of 0.3, followed by induction with 0.5 mM IPTG for 4 h at 30°C. Cells were harvested at 5,000 ϫ g, washed, and resuspended in 500 l of lysis buffer (50 mM NaH 2 PO 4 , pH 8.0/0.5 M NaCl/2 mM imidazole/ 0.5% Triton X-100). Cells were lysed on ice with sonication with five bursts of 15 sec interspersed with 60-sec rests. All subsequent steps were carried out at 4°C. Lysates were cleared at 10,000 ϫ g in a microfuge and batch-bound to 0.2 ml of Ni-NTA Agarose (Qiagen) for 30 min with constant gentle mixing. The resin was loaded on a 1-ml syringe column and washed with 3 ml of washing buffer (50 mM NaH 2 PO 4 , pH 8.0/0.5 M NaCl/20 mM imidazole/0.5% Triton X-100), followed by elution with 250-l aliquots of elution buffer (50 mM NaH 2 PO 4 , pH 8.0/0.5 M NaCl/100 mM imidazole/0.5% Triton X-100). The majority of protein eluted in the first two fractions, which were pooled. Glycerol was added to a final concentration of 50%, DTT was added to 5 mM, and the IEP was stored at Ϫ20°C.
RT Assays. Poly(rA)⅐oligo(dT) 18 RT assays were performed as described previously (38) by using 500 ng (10 pmol) of purified IEP per reaction and a modified assay buffer of 40 mM Tris⅐HCl (pH 8.5), 300 mM NH 4 Cl, 5 mM MgCl 2 , and 5 mM DTT, at either 37°C or 42°C for 10 min. For reactions with RNase, 1 g of RNase A (specific for U and C) and 5 units of RNase T1 (specific for G) were added to the reaction, allowing simultaneous release of the RT from bound RNAs and reverse transcription of the poly(A) template.
In Vitro Transcription Reactions. Transcription reactions were performed with 0.5 g of template pKS-SEP3 linearized by ClaI and with 50 units of T7 RNA polymerase (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Transcripts were extracted with phenol-CIA (25:24:1 of phenol:chloroform:isoamyl alcohol) and ethanol-precipitated in the presence of 2 M NH 4 OAc, washed with 70% ethanol, and resuspended in TE (10 mM Tris⅐HCl, pH 7.6/1 mM EDTA). For radiolabeled B.h.I1 transcripts, transcription included 10 Ci of [␣-
32 P]UTP (3,000 Ci/mmol; GE Healthcare, Piscataway, NJ) with 0.1 mM UTP and 0.5 mM other NTPs. Transcripts were gel-purified on a 1% agarose TBE gel (90 mM Tris⅐borate, pH 8.3/1 mM EDTA), extracted by a MinElute gel extraction column (Qiagen) according to the manufacturer's instructions for dsDNA molecules, and resuspended in TE.
In Vitro IEP-Dependent Splicing Reactions. Before splicing, transcripts of B.h.I1 in TE were subjected to a folding protocol using a PerkinElmer 2400 PCR machine (PerkinElmer, Wellesley, MA) with the following temperature cycles: 90°C for 1 min, 75°C for 5 min, and then cooling to 45°C over 15 min. Initial experiments used radiolabeled transcript (20,000 cpm, 13 fmol) and 500 ng (10 pmol) of purified B.h.I1 RT protein. Reactions were initiated by adding to the prefolded RNA (5 l) a prewarmed mixture containing IEP and buffer to make a final volume of 25 l of 1ϫ splicing buffer (40 mM Tris⅐HCl, pH 8.5/5 mM MgCl 2 /300 mM NH 4 Cl). The reaction was incubated at 30°C for specified times and stopped by placement on dry ice. Products were then phenol-CIA-extracted and ethanolprecipitated with 0.3 M NaOAc (pH 5.2) and 1 g of carrier tRNA (Sigma-Aldrich, St. Louis, MO). Samples were resus-
